Cardiosphere-derived cells (CDCs) produce regenerative effects in the post-infarct setting. However, it is unclear whether CDCs are beneficial in non-ischaemic dilated cardiomyopathy (DCM). We tested the effects of CDC transplantation in mice with cardiac-specific Gaq overexpression, which predictably develop progressive cardiac dilation and failure, with accelerated mortality.
Introduction
Cardiosphere-derived cells (CDCs) are regenerative and protective in the post-infarct setting, both in animal models 1 -5 and in patients. 6 However, it is unclear whether CDCs exert any beneficial effects on non-ischaemic dilated cardiomyopathy (DCM). No models of DCM faithfully recapitulate the human condition in all its intricacies. Nevertheless, mice with cardiac-specific Gaq overexpression (Gaq mice) predictably develop progressive cardiac dilation and failure, and die prematurely in the absence of therapy. 7, 8 The pathophysiology of Gaq overexpression involves oxidative stress, inflammation, and apoptosis 9 -11 and thus mimics that of human heart failure in key respects. 12 Cardiosphere-derived cells are known to exert antiinflammatory, anti-fibrotic, and anti-apoptotic effects on injured myocardium. 13 We, therefore, tested the concept that CDCs may be useful in a mouse model of DCM, by transplanting wild-type mouse CDCs into the hearts of Gaq mice. Cells were injected at various times during disease progression, so that we could detect either reversal of the phenotype, or prevention of further ventricular dysfunction.
Methods
Please see Supplementary material online, Methods. In brief, we studied male transgenic mice with cardiac-specific overexpression of Gaq [FVB/N-Tg (Myh6-Gnaq) 40Gwd/J] and male FVB/NJ mice (Jackson Laboratory, USA). Six-, 8-, and 11-week-old Gaq mice were randomized to CDC-treated or vehicle-treated groups and were followed for 3 months. FVB/NJ wild-type mice served as controls. Mouse CDCs were expanded from wild-type strain-matched mouse hearts (FVB/NJ wild-type mouse heart). 14 Intramyocardial injection, functional phenotyping, histological analysis, engraftment, and western blot protocols are described in Supplementary material online. Survival rate was assessed in Gaq mice treated with cells or vehicle at 8 weeks of age, using the Kaplan -Meier approach. To accelerate heart failure progression and mortality, adriamycin (5 mg/kg) was administered intraperitoneally twice (at a 5-day interval) 3 weeks after cell or vehicle treatment and once again 6 weeks after cell/vehicle treatment in Gaq mice and control FVB/NJ mice. Statistical analysis is described in detail in Supplementary material online. All the results are presented as means + SEM. Analysis of variance followed by Bonferroni's post hoc test, Mann-Whitney U test, and KruskalWallis test followed by Dunn's post test were applied in statistical analyses. The study followed pre-clinical reporting standards, as described previously. 15 
Results

Changes in global cardiac function
Dilated cardiomyopathy is characterized by progressive ventricular dilatation and contractile dysfunction. Figure 1A shows representative echocardiographic images of hearts from wild-type, vehicle-treated Gaq mice, and CDC-treated Gaq mice. Cardiosphere-derived cell transplantation resulted in a sustained improvement of LVEF ( Figure 1B-D) and LV end-diastolic and end-systolic volumes (Supplementary material online, Figure S1 ) in Gaq mice, relative to placebo. This was true whether CDCs were injected at 6 (B), 8 (C ), or 11 (D) weeks of age. Cardiosphere-derived cells did not restore lost function, but prevented the further progression of LV dysfunction Figure 1 Functional benefits after cardiosphere-derived cell transplantation. (A) representative long-axis echocardiographic images at enddiastole (upper row) and end-systole (lower row) in control (CTL; wild-type) and in vehicle (Gaq+vehicle) and CDC (Gaq+CDC)-treated Gaq mice that were injected at 11 weeks of age at 3 months after treatment. Pooled data for left ventricular function show that cardiosphere-derived cell transplantation resulted in a sustained improvement of ejection fraction for 3 months in Gaq mice that received cardiosphere-derived cell at any of three different ages: 6 (B), 8 (C), and 11 (D) week old. Meanwhile, vehicle-treated Gaq mice showed significant deterioration of cardiac function. Data are means + SEM; n ¼ 6 -8 in each group. The Mann-Whitney U test was applied. *P , 0.05 vs. Gq+CDC; **P , 0.01 vs. Gq+CDC; ***P , 0.005 vs. Gq+CDC. Therapeutic efficacy of cardiosphere-derived cells which was evident in the vehicle-treated animals. Robust preservation of cardiac function was sustained in CDC-treated animals for at least 3 months. Cardiosphere-derived cells also resulted in sustained preservation of LV anterior and posterior wall thickness for at least 3 months, in contrast to placebo-treated animals (Supplementary material online, Table S1 and Figure S2 ).
Cardiosphere-derived cell engraftment
Most of the benefit of CDC therapy is now recognized to be indirect, at least in ischaemic models. 13 Consistent with previous observations, 16 engraftment of CDCs at 1 week was 10 and ,1% at 3 weeks (Supplementary material online, Figure S3 ). By 6 weeks, no surviving CDCs could be detected. Thus, the long-term functional and structural benefits identified here must arise indirectly, rather than from direct differentiation of transplanted cells.
Oxidative stress and inflammation
Free radical injury is central to the pathophysiology of Gaq overexpression and DCM. 9 -11 We sought evidence of oxidative and nitrosative stress by measuring the protein levels of various relevant enzymes ( Figure 2A ). In vehicle-treated Gaq mice, we found markedly increased protein abundance of the NOX4, p47 phox , p67 phox , and gp91 phox subunits (shown also immunohistochemically in Figure 2B , upper row) of the major reactive oxygen species (ROS)-producing enzyme, NAD(P)H oxidase, and augmented protein density of inducible nitric oxide synthase (iNOS). These changes were associated with accumulation of 3-nitrotyrosine ( Figure 2A and B, lower row), which results from NO reaction with ROS.
The oxidative/nitrosative stress was accompanied by intense inflammation [as manifested by increased abundance of monocyte chemoattractant protein-1 (MCP-1), cyclooxygenase-2 (COX-2), and nuclear factor kappa B p65 (NF-kB p65; Figure 3A) , as well as accumulation of CD68
+ macrophages and CD3 + T cells in hearts of vehicle-treated Gaq mice; Figure 3B and Supplementary material online, Figure S4A ]. Thus, CDC treatment lowered 3-nitrotyrosine level, restored the protein abundance of NAD(P)H oxidase subunits, iNOS, MCP-1, and COX-2, prevented activation of NF-kB p65, reduced infiltration of inflammatory cells, and increased the number and percentage (Supplementary material online, Figure S4 ) of reparative anti-inflammatory macrophages (M2 subtype;CD206 + )
in the myocardium of 8-week-CDC-treated Gaq mice. Additionally, in vitro assessment of CDC-conditioned media and its effect on cultured cardiomyocytes stressed with hydrogen peroxide, a strong oxidant, confirmed the antioxidative/anti-apoptotic effects of CDCs. The expression of cleaved caspase 3 was markedly lower in the stressed cardiomyocytes incubated with CDC-conditioned media compared with the cardiomyocytes incubated with cardiac fibroblast-conditioned media or basal media (Supplementary material online, Figure S5 ), providing further evidence for suppression of oxidant-induced apoptosis. We conclude that CDCs attenuate oxidative/nitrosative stress and inflammation in Gaq mice.
Protein kinase C -protein kinase D -cAMP response element-binding protein (remodelling) pathway and apoptosis
The PKC (protein kinase C) -PKD (protein kinase D) -CREB (cAMP response element-binding protein) pathway contributes to cardiac remodelling in Gaq mice. 17 Figure 4A and C confirm that proteins involved in the PKC -PKD-CREB pathway are elevated in vehicletreated Gaq mice, and that CDC treatment restored the levels of these proteins to those in non-diseased controls. Increased protein density of PKCd was associated with elevated nuclear contents of its downstream active effectors, phosphorylated PKD (Ser744/748) and phosphorylated CREB (Ser133) in the vehicle-treated Gaq mice. We noted increased abundance of the pro-apoptotic mediator, active c-Jun N-terminal kinase (JNK), along with decreased active Akt protein density (Akt-p T308 ) and markedly higher numbers of cells positive for cleaved caspase 3, a marker of apoptosis, in vehicletreated Gaq mice ( Figure 4B and D). Thus, the PKC -PKD-CREB remodelling pathway is activated in the myocardium of Gaq mice, with increased apoptosis, as described previously; 18 these pathophysiological signalling processes are ameliorated by CDC therapy.
Cardiac fibrosis
Cardiac fibrosis figures prominently in maladaptive responses to heart failure. 19 Augmentation of collagen production and angiotensin II-mediated secretion of Krüppel-like factor 5 (KLF5) are among the compensatory mechanisms mediated by cardiac fibroblasts in heart failure, but sustained activation exacerbates fibrosis and, ultimately, leads to decompensated heart failure. 20, 21 In vehicle-treated Gaq mouse heart, collagen was increased [both histologically ( Figure 5A -C) and at the protein level (Figure 5D )]; most of the collagen was co-localized with fibroblast-specific protein (FSP; Figure 5B and C ). Cardiosphere-derived cell treatment markedly reduced cardiac collagen content, whether total or co-localized with FSP, and fibrosis ( Figure 5A-D) . In association with the increased abundance of collagen co-localized with FSP in vehicle-treated Gaq mouse heart, KLF5 and angiotensin II receptor type 1 (AT-R1) Therapeutic efficacy of cardiosphere-derived cells protein levels ( Figure 6A and B) were augmented, indicating concomitant up-regulation of AT-R1 and KLF5 (presumably in cardiac fibroblasts). Cardiosphere-derived cell treatment negated the up-regulation of KLF5 and AT-R1. In addition to restoration of KLF5 and AT-R1 protein expression, the activity of matrix metalloproteinase 9 (MMP9) was markedly increased in the CDC-treated hearts 1 day after treatment compared with the vehicle-treated group (Supplementary material online, Figure S6 ). Matrix metalloproteinases play a critical role in collagen degradation and in remodelling of extracellular matrix proteins in the heart. 22 In Figure 5 Cardiosphere-derived cell treatment markedly reduced cardiac collagen content and fibrosis. Representative Masson trichrome (A) and immunohistochemical images [B and C; CTL (wild-type), vehicle and cardiosphere-derived cell-treated Gaq mouse hearts stained for fibroblastspecific protein and collagen I] and representative western blots and pooled data (D) from Gaq mice treated at 8 weeks of age. Cardiosphere-derived cell treatment markedly reduced cardiac collagen content, whether total or co-localized with fibroblast-specific protein, and fibrosis (A-D). Membranes were stripped and GAPDH probed as a control for loading in each lane. Data are means + SEM; n ¼ 6 -8 in each group. † P , 0.005 vs. Gaq+CDC and control (CTL; wild-type).
‡ P , 0.05 vs. Gaq+CDC and control (CTL; wild-type). Scale bars: 50 mm (A and B), 10 mm (C).
contrast, 1 week after CDC treatment, MMP9 activity decreased relative to vehicle-treated or wild-type mice. This dynamic pattern may reflect dual effects of CDCs on MMP9 activity, with the early increase contributing to collagen degradation, and the later reduction promoting survival and differentiation of cardiac stem cells as previously shown. 23 
Cardiomyogenesis and cardiac lineage differentiation
Cardiomyocyte cycling and proliferation are infrequent in the normal adult mouse heart, as illustrated here by the low numbers of Ki67 + and aurora B + cardiomyocytes ( Figure 7A and B and CTL bars in pooled data). The vehicle-treated Gaq myocardium exhibits a several-fold increase in the numbers of Ki67 + and aurora B + cardiomyocytes ( Figure 7A and B and middle bars in pooled data), presumably as a compensatory mechanism in response to the enhanced apoptosis ( Figure 4B and D) . Cardiosphere-derived cells increase endogenous cardiomyogenesis in ischaemic models. 1 -6 Likewise, CDC treatment promoted cardiomyogenesis in the Gaq model of DCM, as evidenced by a marked increase in Ki67 + and aurora B + cardiomyocytes [ Figure 7A and B and (Gq+CDC) bars in pooled data]. Previous work from our laboratory 1, 24 implicates paracrine signalling by CDCs in the mechanism of these effects, consistent with the findings here of evanescent transplanted cell survival (Supplementary material online, Figure S3 ). In addition to enhanced cardimyogenesis, CDC treatment markedly increased cardiac lineage differentiation in the c-kit + cells [ Figure 7C and (Gq+CDC) bar in the pooled data].
The number of c-kit + cells positive for Nkx2.5, an early cardiac transcription factor, was markedly higher in the CDC-treated hearts than in the other groups.
Survival analysis after adriamycin stress
Mortality is known to be enhanced in Gaq mice: the median survival is 1.5 years, whereas 78% of control mice survive .2 years. 8 We accelerated heart failure progression even further by treating the mice with adriamycin. After 4 months, all vehicle-treated Gaq mice had died, whereas .60% of CDC-treated Gaq (or control) mice remained alive ( Figure 8A ). Survival was significantly attenuated in vehicle-treated Gaq mice relative to either CDC-treated Gaq mice or wild-type controls; the latter two groups, however, were statistically indistinguishable.
Nrf2-Keap1 antioxidant defence pathway
In physiological settings, cells respond to oxidative stress by activating the Nrf2-Keap1 antioxidant defence pathway. 25 In vehicle-treated Gaq mice, despite severe oxidative/nitrosative stress (Figure 2 ), Nrf2 activity was impaired as evidenced by decreased nuclear content of Nrf2, increased cytoplasmic Keap1 protein density and, diminished expression of Nrf2 target gene products, catalase, and copper-zinc superoxide dismutase (Cu-Zn SOD). In contrast, CDC treatment restored the protein abundance of nuclear Nrf2, Figure 6 Cardiosphere-derived cell treatment restored expression of Krüppel-like factor 5 and angiotensin II receptor type I. Representative immunohistochemical images [CTL (wild-type), vehicle and cardiosphere-derived cell-treated Gaq mouse hearts stained for fibroblast-specific protein, KLF5, and AT-R1] and representative western blots and pooled data from Gaq mice treated at 8 weeks of age (A and B). Cardiospherederived cell treatment diminished co-localization of fibroblast-specific protein with KLF5 (A) and AT-R1 (B) and decreased AT-R1 and KLF5 protein levels (A and B). Arrows point to up-regulated KLF5 co-localized with fibroblast-specific protein in vehicle-treated Gaq mouse heart. Membranes were stripped and GAPDH probed as a control for loading in each lane. Data are means + SEM; n ¼ 6 -8 in each group. † P , 0.005 vs.
Gaq+CDC and control (CTL; wild-type). Scale bars: 10 mm.
Therapeutic efficacy of cardiosphere-derived cells cytoplasmic Keap1, catalase, and Cu-Zn SOD to control levels ( Figure 8B ).
Discussion
Figure 8C depicts schematically the various disease processes at play in the Gaq mouse, and how CDCs impact each of these. Intramyocardial administration of CDCs in a mouse model of DCM preserves cardiac function; improves survival; blunts oxidative stress, inflammation and remodelling; and enhances cardiomyogenesis. This is accompanied by lower levels of ROS-and NO-generating enzymes, mitigation of inflammatory and remodelling pathways, deactivation of pro-apoptotic and activation of pro-survival mediators, marked reduction in fibrosis and significant augmentation of cycling and proliferating cardiomyocytes in the CDC-treated Gaq mouse heart.
Changes in cell signalling
Administration of CDCs reversed the Gaq-induced up-regulation of ROS-and NO-generating enzymes, prevented activation of inflammatory pathways, markedly diminished infiltration of inflammatory cells and significantly enhanced accumulation of reparative anti-inflammatory macrophages into cardiac tissue in Gaq mice. Such effects are consistent with the immunomodulatory properties recently described for CDCs. 26 In physiological settings, cells respond to oxidative stress by activating the Nrf2-Keap1 pathway. Upon oxidative modification of the inhibitory subunit Keap1 or phosphorylation of Nrf2, Nrf2 dissociates from Keap1, translocates to the nucleus and up-regulates genes encoding many antioxidant and phase II detoxifying enzymes. 25 Despite severe oxidative/nitrosative stress, Nrf2 activity was impaired in Gaq mouse heart, a deficit reversed by CDCs ( Figure 8B ). It should be noted that, in CDC-treated Gaq mouse heart, protein abundance of phosphorylated/activated Akt was not only higher than that found in vehicle-treated Gaq mice, but also, even higher than the p-Akt content in wild-type mouse heart ( Figure 4D ). Given that Akt is among the protein kinases which phosphorylate Nrf2, 27 CDC-mediated reversal of impaired Nrf2 may be mediated, at least partly, via augmentation of active Akt. assessment of survival rate (n ¼ 8 in each group). Survival was significantly attenuated in vehicle-treated Gaq mice relative to either cardiosphere-derived cell-treated Gaq mice or wild-type controls after adriamycin insult; the latter two groups, however, were statistically indistinguishable (P , 0.001, log-rank test). Cardiosphere-derived cell treatment restored activity of antioxidant pathway, Nrf2-Keap1. Representative western blots and pooled data from Gaq mice treated at 8 weeks of age demonstrate restored protein content of nuclear Nrf2, cytoplasmic Keap1 and the downstream gene products of Nrf2, catalase, and copper-zinc superoxide dismutase (Cu-Zn SOD), with cardiosphere-derived cell treatment. Membranes were stripped and GAPDH and histone H1 probed as a control for loading in each lane. Data are means + SEM; n ¼ 6-8 in each group. † P , 0.005 vs. Gaq+CDC and control (CTL; wild-type). (C) Various deleterious pathways are up-regulated in the Gaq model of dilated cardiomyopathy. Treatment with cardiospherederived cell impacted favourably on key disease processes including oxidative stress, inflammatory and remodelling pathways, apoptosis, and fibrosis.
Therapeutic efficacy of cardiosphere-derived cells Stimulation of the Gaq signalling pathway also exerts downstream effects via the PKC -PKD -CREB axis. 17 Activation of PKC and subsequent phosphorylation and nuclear translocation of PKD recruits CREB to target genes including those involved in adverse remodelling. 28 -30 Of note, the roles of PKC -PKD -CREB signalling in pathological cardiac remodelling extend to inactivation of the pro-survival kinase, Akt kinase, and activation of the pro-apoptotic mediator, JNK. 18 In CDC-treated Gaq mice, CDC restored activity of PKC and its downstream effectors, PKD and CREB, prevented inactivation of Akt and activation of JNK, and blunted apoptosis.
Anti-fibrotic, anti-apoptotic, and cardioproliferative effects of cardiosphere-derived cells
Cardiac fibroblasts interact with adjacent cardiomyocytes to induce myocardial hypertrophy as an adaptive response to pressure overload. Among the mediators contributing to this interplay, KLF5 transactivates insulin-like growth factor 1 (IGF-1) in cardiac fibroblasts, and IGF1 subsequently induces hypertrophy in cardiomyocytes. 21 The expression of KLF5 in cardiac fibroblasts is regulated via angiotensin II signalling, 20 leading to overproduction of collagen and exacerbated fibrosis. In vehicle-treated Gaq mice, abundant collagen was found in cardiac tissue co-localized with cardiac fibroblasts and AT-R1 and KLF5, signifying active cardiac fibroblast induced-adaptive/maladaptive responses. Cardiosphere-derived cell treatment profoundly reduced collagen deposition and collagen abundance in co-localization with fibroblasts and decreased the expression of AT-R1 and KLF5. In addition to restoring KLF5 and AT-R1 protein levels, CDC treatment markedly increased cardiac MMP9 activity 1 day after treatment, highlighting the multivariate effects of CDCs on fibrosis. We find that CDCs favourably influence diverse pathophysiological processes including fibrosis, apoptosis, cardiomyocyte proliferation, and c-kit + cell differentiation into cardiac lineage, although there is now strong evidence against the importance of c-kit + cells as cardiomyocyte progenitors. 31 Such a diversity of effects has been documented previously with cardiospheres and their progeny in models of acute myocardial infarction 32, 33 and chronic ischaemic cardiomyopathy. 3, 34 While the present study was designed to answer 'Do they work?' not 'Precisely how do they work?', it is nevertheless natural to wonder how one therapeutic entity can recruit so many diverse pathways ( Figure 8C ). Increasing evidence points to indirect mechanisms as dominant, 1,24,35 consistent with our observation that transplanted CDCs do not survive long term (Supplementary material online, Figure S3 ) and that CDCconditioned media exerts beneficial effects on oxidant-stressed cardiomyocytes (Supplementary material online, Figure S5 ). Such mechanisms include not only a panoply of soluble protein factors, 36 but also microRNAs that are secreted in exosomes by CDCs. 37 Thus, the diversity of effects may reflect not only soluble protein factors (Supplementary material online, Figure S7 ) targeting different pathways, but also the ability of microRNAs to serve as master regulators of gene expression. 38 Further work will be required to pinpoint the mediators of the salutary effects of CDCs on murine DCM.
Temporal considerations of cardiosphere-derived cell benefit
The beneficial effects of CDCs on cardiac global function persisted for at least 3 months. This model, however, is one of constitutive expression of Gaq; there is good reason to expect that the benefits of CDCs may be transient, as newly generated myocytes themselves succumb to oxidative stress. Consistent with this prediction, cardiac 3-nitrotyrosine levels in CDC-treated mice were higher 3 months after treatment than at 3 weeks, although they still remained lower than in vehicle-treated mice (Supplementary material online, Figure  S8 ). This finding hints that the beneficial effects of CDCs may wear off over time; if so, periodic re-administration of CDCs may be necessary to maintain longer-term functional improvement. Nevertheless, physiological deterioration is halted for at least 3 months, and survival, as one of the main treatment goals in heart failure, 39 is markedly enhanced when CDC-treated animals are challenged by a cardiotoxic insult. Why do the beneficial effects of CDCs last as long as they do? Among the various mechanisms, CDCs promote cardiomyocyte proliferation. The newly generated myocytes benefit from the antioxidant, anti-fibrotic, and anti-inflammatory milieu established, at least temporarily, by the CDCs; presumably it takes some time for these new myocytes to succumb to the progressive stress of Gaq overexpression, just as several weeks of postnatal life are required for cardiac dysfunction to become manifest in the first place.
Limitations
The present study has several important limitations. The mouse model of DCM, although well-studied and reproducible, may not be predictive for the human condition. The duration of observation post-treatment was limited to 3 months in the functional and tissue studies and to 4 months in the survival analysis; longer-term studies will be required to accurately define the time course of persistence of benefit, as well as the possible utility of repeat dosing. Here, we have used single dosing with wild-type mouse CDCs derived from the founder strain; we do not anticipate immunologic reactions in syngeneic therapy with highly inbred mice, 1,35 but we recognize that such reactions will need to be carefully assessed before repeat dosing of allogeneic products is contemplated in humans. Finally, the study was designed to determine whether CDCs are beneficial in the Gaq mouse model of DCM, and, if so, whether the core pathophysiological processes at play are influenced by CDCs. While we have addressed these questions, we have not attempted here to pinpoint the root mechanisms of benefit, other than to establish that the mechanisms must be indirect. In summary, CDC treatment prevents functional deterioration, attenuates oxidative/nitrosative stress, promotes cardiomyocyte proliferation and reduces mortality in a transgenic mouse model of DCM.
Supplementary material
Supplementary material is available at European Heart Journal online.
